Introduction
Alveolar bone is well known to develop as teeth erupt into function. However, the transitions in bone structure adjacent to the developing tooth root and mechanisms driving these changes are not well understood. Woven bone forms a crypt that surrounds a tooth during development and remodels as the tooth germ grows (Dixon et al., 1997; Par Azeredo et al., 2000) . With crown formation complete intraosseous tooth eruption begins, corresponding with the resorption of the coronal portion of the alveolar crypt and apposition occurring adjacent to the developing root (Marks and Cahill, 1986; Pilipili et al., 1998; Wise et al., 2002) . Lamellar bone apposition and islets of chondroid tissue have been observed underlying the developing tooth root during intraosseous eruption of dog premolars, and woven bone and chondroid tissue filled the space unoccupied by the erupting tooth (Pilipili et al., 1998) . Eruption continues as the crown penetrates the oral mucosa and moves toward the occlusal plane. The fully erupted and functional tooth relies on the anchorage of the periodontal ligament (PDL) within the alveolar bone proper (ABP) for immediate occlusal support. Away from the tooth root, cancellous bone fills the interior spaces of the alveolar crest and cortical plates support the outer surface of the dental arches. The architecture of tooth supporting alveolar bone in pigs is further described in a previous study (Yeh and 
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Popowics, 2010) and differs from the structure of the non-supporting bone of the diastema in which the absence of teeth precludes the formation of ABP. The focus of this investigation is how alveolar bone develops adjacent to the tooth root during mucosal penetration and the first application of occlusal load, and thus achieves a structural configuration able to support an occluding tooth.
In particular, we tested the hypotheses that predominantly woven bone forms adjacent to the tooth root during the mucosal penetration stage of tooth eruption, but that this immature structure transitions to lamellar bone during early tooth function. The basis for this hypothesis is that the focused, consistently oriented load that is experienced only after the tooth is in functional occlusion, triggers adaptive remodelling (Saffar et al., 1997; Terespolsky et al., 2002; . During the mucosal penetration stage, the food bolus may apply low levels of load to the tooth crown through the partially penetrated mucosa, triggering woven bone apposition adjacent to the tooth roots. A similar response may also occur through the flexing of the mandible during chewing, whereby occlusion of adjacent erupted teeth may confer low levels of strain to the alveolar bone of erupting teeth. However, these loads are likely low and relatively unpredictable in orientation. In contrast, when a tooth reaches functional occlusion higher level loads will be transmitted through the crown to the alveolus, requiring the increased osseous support provided by lamellar bone. Frost hypothesized that cortical bone apposition is responsive to strain levels, and that above a threshold microstrain, apposition is activated in order to reduce peak strains (Frost, 1987) . This 'mechanostat' hypothesis has been supported for the loading of alveolar bone in rats, in that increasing occlusal loads through a bite block or hard diet resulted in increased cortical thickness (Mavropoulos et al., 2004) .
In addition to the increased lamellar bone formation corresponding with the onset of tooth function, osteoclasts would have to play a key role in resorbing the woven bone accrued during tooth eruption. Woven bone is a poorly mineralized, highly cellular structure that is likely to be inadequate to withstand occlusal loads, and the early period of occlusion may result in alveolar microcracking. Indeed microcracks have been observed in pig alveolar bone during orthodontic tooth movement (Verna et al., 2004) and are known to stimulate remodelling activity (Burr, 1993; Taylor and Lee, 2003) . Such targeted remodelling provides a mechanism for removing inadequate, injured bone structure and replacing it with denser lamellae. Additionally, alveolar bone turnover occurs at a higher rate than other skeletal regions (Huja et al., 2006) , suggesting an important role for resorption in alveolar bone adaptation.
This study aims to define the eruptive transition in pig alveolar bone through molecular and structural assessment at the mucosal penetration stage of tooth eruption and at the onset of functional occlusion. Although pig mandibular bone has been studied previously (Powell et al., 1973) , most work focused on the cortex and structural studies of large animal alveolar bone has been pursued in dogs (Marks and Cahill, 1986; Pilipili et al., 1998; Huja et al., 2006; Deguchi et al., 2008) . Although several studies have addressed gene expression in porcine bone marrow mesenchymal stem cells in vitro (Zou et al., 2004; Bosch et al., 2006; Zeng et al., 2006) , gene expression in pig alveolar bone remains undescribed in vivo. Here, gene expressions associated with the regulation of osteoclast formation, such as the receptor activator of NF-jB ligand (Rankl), osteoprotegerin (Opg), and colony stimulating factor (Csf-1) were measured in order to assess the role of osteoclast activity in bone adjacent to tooth roots during eruption. Additionally, genes associated with bone formation, such as Runx2 and Bsp were compared between eruptive stages. The bone adjacent to the lower first molar (M 1 ) was compared with bone from the diastema region (which lacks teeth) in order to establish whether bone structure or gene expression differs in tooth supporting or non-tooth supporting regions.
Materials and Methods

Histology
All procedures were humane and approved by the University of Washington Animal Care and Use Committee. Three Hanford miniature pigs were acquired at 13 and 23 weeks of age (n = 6; Sinclair Research, St Louis, MO, USA), corresponding with the mucosal penetration stage of M 1 tooth eruption and early occlusion of M 1 /M 1 ( Fig. 1) , respectively. Pigs were euthanized by initial anaesthetization with isoflurane and subsequent intracardiac injection of pentobarbital. Tissues for histological processing were collected postmortem, fixed in Bouin's solution and decalcified in 8% EDTA or 10% formic acid solution. Decalcified tissues were dehydrated, paraffin embedded and sectioned sagittally at 7 lm. Sections including the entire length of the distal root of M 1 were stained with haematoxylin and eosin (H&E) and tartrateresistant acid phosphatase (TRAP) according to the manufacturers' instructions (Sigma kit 387A) and examined using light microscopy. In TRAP stained tissues, the bone posterior to the tooth root was divided into cervical [adjacent to the cementoenamel junction (CEJ)], middle and apical thirds. Two 1 x 1 mm regions were identified, one within the alveolar bone proper (ABP; adjacent to the periodontal ligament) and the other further distal in the cancellous bone [midway between the ABP and the lower second molar (M 2 ) crypt]. Osteoclasts were identified as darkly staining multi-nucleated cells and counted. Non-parametric statistics were used to compare osteoclast cell counts between regions and ages.
Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) Alveolar bone samples from the mandibular diastema and distal M 1 were collected from three pigs of each age group (Fig. 2) . In order to maximize RNA integrity, bone samples were collected from anesthetized animals antemortem with a reciprocal saw (Stryker, Kalamazoo, MI, USA) and flash frozen in liquid nitrogen. Each sample was ground to a powder using a mortar and pestle and liquid nitrogen. Cellular RNA was isolated from tissues using TRIZOL Ò Reagent (GIBCO/BRL, Carlsbad, CA, USA) and utilized a MagNALyzer Ò homogenizer (Roche, Basel, Switzerland) in order to enhance the separation of protein from cells. An RNeasy Mini kit (Qiagen, Hilden, Germany) was used to remove contaminating DNA from the extracted RNA samples. RNA yields and purity were quantified with a spectrophotometer, and only bone RNA samples showing 260/280 absorbance ratios that were higher than 1.90 were used. Selected samples were also tested to ensure RNA integrity. One RNA sample extracted from 13-week M 1 distal bone (pig 4425) showed degradation and was omitted from further study.
For PCR analysis, cDNA was synthesized using 1.0 lg total RNA with a cDNA synthesis kit (Transcriptor kit, Roche Diagnostic). 2.0 lL of the resulting cDNA product was used per 20 lL reaction in the Roche Lightcycler 480 system. qRT-PCR reactions were carried out with the DNA Master SYBR Green I kit (Roche). Primer sequences were designed from pig or cow partial coding sequences (Table 1) and are intron-spanning to amplify cDNA rather than genomic DNA. In the case of Runx2 and Opg, amplification products generated with cow primers were sequenced to generate partial coding sequences and primers for pig genes (GenBank accession # EU668154 and EF543195). A BLAST search of GenBank on the primer sequences was used to confirm specificity, and melting curve analysis of products post-PCR was checked for additional confirmation. Primers were used at a concentration of 0.5 lM. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) served as a housekeeping/reference gene for normalization. As described below, porcine osteoblast DNA was used for qRT-PCR calibration and template DNA was replaced with PCR-grade water as a negative control. The amplification profile used on the Lightcycler was: 95°C/60 s; 58°C/60 s; 72°C/60 s and 50-55 cycles.
A porcine osteoblast cell culture was used to generate a calibrator DNA for qRT-PCR amplification. The role of the calibrator was to provide a stable ratio of target to reference genes and to normalize all samples within a qRT-PCR run. Pig bone marrow aspirates were obtained from the tibia and mononuclear cells were separated by centrifugation of aspirates through a solution of polysucrose and sodium diatrizoate (Histopaque; density, 1.077; Sigma) according to the protocol of Bosch (2006) . Mononuclear cells pipetted from the opaque interface were washed twice in Dulbecco's phosphate-buffered saline (D-PBS) and resuspended in minimum essential medium (MEM) Alpha medium (Invitrogen) supplemented with 10% FBS. Cells were plated on plastic flasks at a density of approximately 500 000 cells/cm 2 and the medium was changed every 24 h, washing unattached cells away with the medium change. Adherent fibroblast-like, spindle shape cells grew for 10-14 days, with media replacement every third day. Cells were passaged at 80-90% confluence by trypsinization (0.25% trypsin-EDTA solution) and reseeded at a density of 5000-6000 cells/cm 2 in plastic flasks (Bosch et al., 2006) . The cultured porcine mesenchymal cells (pMSCs) were induced to differentiate into osteogenic cells by exposure to media containing ascorbic acid and ß-glycerophosphate. The cells' osteoblastic identity was confirmed through staining of the mineralized extracellular matrix with alizarin red. Cells were harvested for RNA extraction and synthesized DNA was used as a calibrator in qRT-PCR experiments.
Each sample was amplified in triplicate for each gene and PCR products were identified with specific melting curves. Gene expression levels were standardized across reactions with corresponding coefficient curves and RelQuant software was used to measure different gene expression levels in different samples. The mean value for triplicate experiments was used to compare samples from different age groups and locations using non-parametric statistical analyses. A P value of less than 0.05 was considered significant.
Results
Bone structure
The bone distal to the erupting M 1 in the 13-week pigs consisted mainly of reticular fibrolamellar bone adjacent to the tooth roots in all cervical through apical locations (Fig. 3a) . The mineralized woven bone matrix formed thin trabeculae interspersed with immature primary osteons with large diameter vascular marrow canals. The primary osteons were oriented obliquely throughout the matrix and the vascular canals anastomosed irregularly, agreeing with the category definition for reticular fibrolamellar bone (Francillon-Viellot et al., 1990) . In some samples, the most cervical regions were reticular fibrolamellar bone adjacent to the root but laminar bone more distal from the root. Throughout the length of the tooth root, thin trabeculae projected into the periodontal ligament tissue. The diastema region appeared similar to the bone adjacent to the developing tooth root, including mainly fibrolamellar bone (Fig. 4a) .
In 23-week pigs, the bone distal to the erupted M 1 was also mainly of reticular fibrolamellar structure, however the woven bone matrix was noticeably thicker than in the younger tissue and canals of the primary osteons were generally smaller (Fig. 3b) . The overall denser matrix gave the appearance of a less finely reticulated matrix than in the younger tissue. In some cervical locations the alveolar bone was especially dense and contained more longitudinally oriented vascular canals. The woven bone matrix formed a continuous surface or thick trabeculae that extended into the periodontal ligament. The fibrolamellar bone of the diastema showed a similar density to the Fig. 3 . Reticular fibrolamellar bone from the midroot region of a 13-week erupting M1 (a) and 23-week, occluding M1 (b). The younger bone appears more porous with thinner woven bone trabeculae, whereas the older bone appears denser with filling in of primary osteons (arrows).
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bone distal to the erupted M 1 with nearly all of the cellular space filled with primary osteons (Fig. 4b) .
Osteoclast cell numbers
TRAP-stained osteoclasts were observed in all alveolar bone proper and cancellous bone regions adjacent to M 1 and did not show marked differences among regions or between age groups (Fig. 5) . Within alveolar bone proper, osteoclast numbers ranged from 2 to 12/mm 2 in 13-week specimens and 4 to 11/mm 2 in 23-week specimens). Osteoclast numbers in the distal location were 0-10/mm 2 at 13 weeks and 2-10/mm 2 at 23 weeks. In comparing bone directly adjacent to the tooth root and bone more distal from the root, osteoclast numbers showed greater similarity in 13-week specimens. In 23-week specimens, osteoclast numbers in bone adjacent to the root tended to be higher than more distal from the root, however, this difference did not reach statistical significance.
The tissue preservation of bone in the diastema region was insufficient to allow osteoclast cell counts; however the bone of the diastema appeared primarily formative. Although osteoclasts were visible in the diastema of both 13-and 23-week pigs, bone surfaces were predominantly smooth with only an occasional appearance of Howship's lacunae.
qRT PCR
Gene expression values were similar between locations and age groups (Table 2) . Negative controls produced no amplification of target gene DNAs, whereas the osteoblast DNA calibrator expressed target genes in all cases. When mean values were compared, Rankl expression was similar in the M 1 alveolar bone in 13-and 23-week pigs (0.52 vs. 0.50), and could not be distinguished from Rankl expression in the diastema (0.20 vs. 0.39, 13-and 23-week pigs, respectively). For four of the five animals available for comparison (all but 5069), however, Rankl expression in the M 1 bone was higher than in the diastema, resulting in overall higher mean expression in the M 1 bone of pigs in each age group. Csf-1 expression was comparable between the M 1 bone samples of 13-and 23-week pigs (means of 0.92 vs. 0.84), as well as in the diastema (means of 0.61 vs. 0.67; 13 and 23 weeks, respectively). As with Rankl expression, Csf-1 expression tended to be higher in each pig, with the exception of pig 5069, in the M 1 distal bone versus the diastema. Opg expression was not reliably measured, as triplicate experiments for each sample were highly variable. Means and standard deviations for each sample are reported in Table 2 ; however, means for each age group were omitted from comparisons. In the case of Bsp and Runx2, gene expression values were very high, but were also highly variable among individual pigs of each age group, and thus, did not demonstrate differences. When individual animals were examined, these apposition-related genes were higher in M 1 bone than the diastema in 13-week animals, but no consistent trend was seen in the 23-week animals.
Discussion
Contrary to expectations, the alveolar bone supporting fully erupted and functional first molars was not lamellar, but consisted of a dense fibrolamellar matrix that included primary osteons. Younger pigs also showed fibrolamellar structure surrounding the erupting first molars, however, it was less dense and more finely reticulated than the older bone. A previous study of the mandibular cortex in growing pigs demonstrated a plexiform structure that regionally varied in porosity (Powell et al., 1973) , suggesting that this structure may characterize rapidly growing porcine bone. Although the alveolar bone proper is typically described as including lamellar tissue, it was not so in these animals. Nevertheless, the dense fibrolamellar structure observed adjacent to molars in juvenile pigs appears sufficient to support molars in occlusion. Lamellar structure may only occur in these locations with greater maturity or the larger occlusal forces that would correspond with increased body size. Osteoclast activity was predicted to play a major role in the adaptation of alveolar bone to occlusal loading; however, osteoclast cell counts indicate at most a minor role for resorption in the osseous changes surrounding M 1 tooth roots. Osteoclast numbers were similar adjacent to and distal from the root in 13-week tissues, suggesting a constitutive level of turnover in the alveolar bone during the mucosal penetration stage of M 1 eruption. However, at 23 weeks, although osteoclast numbers were at levels similar to the 13-week bone, adjacent to the erupted molars, away from the root osteoclast numbers appeared to be dropping. This suggests the possibility of an age-related drop in constituitive resorption, while higher levels are maintained for bone anchoring PDL fibers in order to respond to occlusal loads transmitted through the PDL. This suggestion is consistent with previous observations in rat alveoli where resorption plays an active role in modeling of the alveolar bone proper (Vignery and Baron, 1980; Saffar et al., 1997) .
The consistent expression of Rankl and Csf-1 in alveolar bone associated with erupting and functioning molars further indicates the presence of constitutive levels of resorption. The membrane of osteoblast/stromal cells expresses RANKL in response to bone resorbing signals, and all phases of osteoclastogenesis depend on the interaction between RANKL and the transmembrane signaling receptor, Rank, present on osteoclast progenitors (Yasuda et al., 1998 (Yasuda et al., , 1999 . The cytokine CSF-1 is necessary for both proliferation and differentiation of osteoclast progenitors at remodeling sites (Katagiri and Takahashi, 2002; Van Wesenbeeck et al., 2002) . The expression of Rankl and Csf-1 in porcine alveolar bone demonstrates the involvement of these genes in the promotion of osteoclast formation, but their similar expression levels indicate that peaks in resorption do not accompany the onset of occlusal activity. On the other hand, the Rankl gene expression levels distal to M 1 showed a tendency to be higher than the diastema region, suggesting that bone surrounding tooth roots may have a higher turnover than toothless regions of the dental arch. Although osteoclast cell counts were unavailable in the poorly preserved diastema samples, bone surfaces in this region appear primarily formative, corresponding with lower Rankl expression in the diastema. Previous studies have shown that increases in Rankl expression correspond with increased remodeling (Fazzalari et al., 2001 ) and occur in fractured bone during repair processes (Kon et al., 2001 ). Studies of the bone overlying the tooth crown during the earlier intraosseous eruption demonstrate spikes in osteoclast cell numbers and expression of resorption associated genes Rankl and Csf-1 as an intraosseous eruption pathway is formed (Wise et al., 1999 Liu et al., 2005) , but these features decline in basal regions surrounding the developing tooth root in mice at later eruptive stages (Heinrich et al., 2005) . Application of excessive orthodontic forces on rat teeth can upregulate Rankl expression on the compression side of the alveolar bone (Ogasawara et al., 2004) . Furthermore, a hyperocclusion mouse model has demonstrated increased osteoclasts and significant increases in Rankl expression in periodontal tissues (Walker et al., 2008) . The tendency toward an increase in Rankl expression in bone distal to M 1 tooth roots in the present study does not reach the magnitude previously observed during intraosseous eruption or in studies that manipulate the periodontal loads. Therefore, we conclude that although resorption is active in resorbing woven bone surrounding roots, a large-scale removal of inappropriately structured or microfractured alveolar tissue does not accompany the onset of occlusion. Consistent expression of genes associated with osteogenesis, Runx2 and Bsp, suggests that incremental bone apposition generates the major structural differences in alveolar bone between 13-and 23-week pigs. Runx2 expression has been identified as a molecular switch stimulating mesenchymal cells to differentiate into osteoblasts and triggering expression of major bone matrix genes (Ducy et al., 1997; Ducy, 2000; Zhang et al., 2009; Komori, 2010) , processes which in occur in alveolar bone cells as well as elsewhere (Perinpanayagam et al., 2006) . Multiple signal transduction pathways regulate Runx2 expression, including those involved in mechanotransduction (Franceschi and Xiao, 2003) . BSP is thought to nucleate hydroxyapatite at the bone mineralization front (Ogata, 2008) and is strongly expressed in osteocytes and osteoblasts within porcine alveolar bone (Chen et al., 1993) . The present study did not detect differences in Runx2 or Bsp expression associated with age or eruptive status, indicating that bone growth or occlusal loading did not upregulate expression. Instead, high expression is probably associated with progressive apposition throughout the entire period of growth and eruption, thickening trabeculae and forming primary osteons within a preexisting woven bone scaffold.
Although osteoblast gene expression has received much attention through study of in vitro cell cultures, little data are available on in vivo expression patterns, particularly in response to changes in functional conditions. The regulation of Rankl and Opg expression has been examined in bone marrow stromal cells (Gori et al., 2000; Rubin et al., 2002a) , and cell cultures exposed to strain showed decreases in Rankl expression, whereas CSF expression was unaffected (Rubin et al., 2000 (Rubin et al., , 2002b . Different patterns of fluid flow can either downregulate (Kim et al., 2006) or upregulate (Liu et al., 2010) the Rankl/Opg expression ratio. In the periodontium, occlusal trauma, such as hyperocclusion may affect Rankl and Runx2 ratios, but in normally functioning animals expression levels remain steady (Claudino et al., 2010) . In the present study, a trend toward higher Rankl expression was noted in the bone near molars relative to the diastema, but the gene expression patterns did not differ to the extent observed in the mouse hyperocclusion study. Overall, the present data indicate that transitions in bone structure are achieved in association with changes in tooth eruption and functional conditions despite similarities in gene expression.
